[1] The stability of (Mg,Fe)SiO 3 perovskite in the deep lower mantle has long been uncertain. Recently, a phase transition from perovskite to postperovskite was discovered through a significant change in the X-ray diffraction pattern at high-pressure and high-temperature conditions corresponding to the core-mantle boundary region. This phase transition was also confirmed by first-principles calculations. These suggest that (Mg,Fe)SiO 3 postperovskite is the predominant mineral in the lowermost mantle called the D 00 layer, and phase transition from perovskite to postperovskite has significant geophysical implications for its nature and dynamics. The postperovskite phase may account for the large seismic anomalies observed in the D 00 region, such as the D 00 discontinuity, S wave anisotropy, and anticorrelation between the anomalies in S wave and bulk sound velocities. In addition, this phase transition is a strongly exothermic reaction. It destabilizes the thermal boundary layer at the base of the mantle and should promote the formation of high-temperature upwelling plumes.
OVERVIEW
[2] The bottom several hundred kilometers of the mantle (D 00 layer) is one of the least understood regions in the Earth's interior. Since seismic observations identified a number of unexplained features, the existence of phase transition that could occur in this region has been a subject of debate [e.g., Lay and Helmberger, 1983; Wysession et al., 1998 ]. Sidorin et al. [1999] speculated that a solid-solid phase transition with a positive pressure/temperature slope of the boundary (Clapeyron slope) near the base of the mantle could explain the topography of the D 00 layer. However, a phase transition in any specific mantle mineral in this region had not been identified until recently.
[3] MgSiO 3 -rich perovskite is the predominant mineral at least in the upper part of the lower mantle and composes about 80% of the lower mantle for a peridotitic mantle composition [e.g., Liu, 1975; Irifune, 1994] . However, experimental studies on the stability of MgSiO 3 perovskite at greater depths have been controversial for a couple of decades. Knittle and Jeanloz [1987] reported a conservation of orthorhombic (Mg,Fe)SiO 3 perovskite (space group Pbnm) up to 127 GPa, although pressure during heating was uncertain. On the other hand, a decomposition of MgSiO 3 perovskite into a mixture of simple oxides (SiO 2 + MgO) was suggested to occur above $70 GPa by Meade et al. [1995] and Saxena et al. [1996 Saxena et al. [ , 1998 ]. The dissociation could be caused by an extremely large thermal gradient in a laser-heated diamond-anvil cell (LHDAC), although this does not explain the results of resistance heating experiments by Saxena et al. [1998] . More recently, Shim et al. [2001] showed no evidence for dissociation but suggested a subtle structural change in perovskite structure above 83 GPa, based on one additional peak in the X-ray diffraction (XRD) pattern that is not explained by the Pbnm perovskite. This additional peak, however, may be assigned to PtC that was formed by chemical reaction between Pt and diamond [Oganov and Ono, 2004] .
[4] It was once suggested by theory that orthorhombic MgSiO 3 perovskite exhibits critical soft-mode behavior and undergoes second-order phase transitions to tetragonal and cubic structures with increasing temperature [Wolf and Bukowinski, 1987] . Experimental study by Wang et al. [1990] made similar suggestions based on the observation of twin microstructures in MgSiO 3 perovskite. Meade et al. [1995] also reported the phase transition of orthorhombic MgSiO 3 perovskite to cubic phase on the basis of XRD measurements. In contrast, stability of orthorhombic perovskite structure relative to cubic phase was confirmed for all lower mantle conditions by theoretical calculations [Wentzcovitch et al., 1993; Stixrude and Cohen, 1993] .
[5] Recent developments in synchrotron XRD measurements combined with LHDAC techniques enabled us to search for a new crystal structure to the high-pressuretemperature condition at the core-mantle boundary (CMB) (135 GPa and >2500 K) [e.g., Shen et al., 2001; Watanuki et al., 2001] . In 2002 we first recognized a significant change in the XRD pattern of a natural peridotitic mantle composition at pressure-temperature (P-T) conditions near the CMB. However, the interpretation of these new diffraction peaks was difficult at that moment. A pressure-induced phase transformation from perovskite to any type of denser structures was not known, although perovskite is a common crystal structure with a wide range of chemical compositions. We then performed experiments on pure MgSiO 3 and observed a similar radical change in the XRD pattern indicating a transformation to a new MgSiO 3 polymorph (called postperovskite) above 125 GPa at 2500 K . Crystal structure of this new phase was determined by the aid of molecular dynamics (MD) simulations using the XRD data. The postperovskite phase has an orthorhombic symmetry (space group Cmcm) with a sheet-stacking structure. The Mg 2+ site in postperovskite is smaller than that in perovskite, which results in a volume reduction by 1.0-1.5%. These results were soon confirmed experimentally by Shim et al. [2004] . Oganov and Ono [2004] also reported similar experimental results. Later on, a postperovskite phase transition was examined in (Mg,Fe)SiO 3 , natural pyrolite (KLB-1 peridotite) [Murakami et al., 2005; Ono and Oganov, 2005] , and mid-ocean ridge basalt (MORB) compositions Hirose et al., 2005a] . Hirose et al. [2006a] showed that compositional effects on the stabilities of perovskite and postperovskite are not significant by comparing all existing experimental results using an identical pressure scale. On the basis of the experimental and theoretical studies, phase transitions from perovskite to postperovskite have been reported so far in MgGeO 3 [Hirose et al., 2005b] , MnGeO 3 [Tateno et al., 2006] , CaIrO 3 [Hirose and Fujita, 2005] , Al 2 O 3 [Caracas and Cohen, 2005; Akber-Knutson et al., 2005; Oganov and Ono, 2005] , Fe 2 O 3 , and NaMgF 3 .
[6] Theoretical calculations have played important roles in the determination of stability and elasticity of the postperovskite phase [e.g., Tsuchiya et al., 2004a Tsuchiya et al., , 2004b Iitaka et al., 2004; Oganov and Ono, 2004] . The first-principles calculations by Tsuchiya et al. [2004a] showed that the phase transition occurs at 117-127 GPa at 2500 K, consistent with the first experimental report by Murakami et al. [2004] . The elastic properties were calculated both at 0 K [Tsuchiya et al., 2004b; Iitaka et al., 2004; Oganov and Ono, 2004] and high temperatures Wookey et al., 2005; Wentzcovitch et al., 2006] . Many seismic characteristics of the D 00 layer may be attributed to the MgSiO 3 postperovskite phase.
[7] The postperovskite phase transition has significant geophysical implications for the nature of the D 00 layer. Except at its bottom the elastic structure of the lower mantle is nearly radially symmetric with lateral perturbations of 1% or less. In contrast, large seismic anomalies are observed in the D 00 layer, including a D 00 discontinuity [e.g., Lay and Helmberger, 1983; Wysession et al., 1998 ], S wave polarization anisotropy [e.g., Lay et al., 1998a] , anticorrelation between the anomalies in S wave and bulk sound velocities [Su and Dziewonski, 1997; Masters et al., 2000] , and an ultralow velocity zone (ULVZ) [e.g., Garnero et al., 1998; Lay et al., 1998b] . Since the origins of these anomalies were difficult to explain with the known properties of MgSiO 3 perovskite, the D 00 layer has long been the most enigmatic region inside the Earth. Many of the long-standing enigmas in the lowermost mantle may be reconciled with the newly discovered postperovskite phase [Hirose et al., 2006b] .
[8] This phase transition is a significantly exothermic process compared to other mantle phase transitions. Theory first predicted the Clapeyron slope of this phase transition to be +7.5 to +10 MPa K À1 [Tsuchiya et al., 2004a; Oganov and Ono, 2004] . Experiments also demonstrated the high positive values of the Clapeyron slope [Hirose and Fujita, 2005; Ono and Oganov, 2005; Hirose et al., 2006a] . Such an exothermic reaction near the base of the mantle destabilizes the bottom thermal boundary layer and activates the formation of plumes from the CMB region [Nakagawa and Tackley, 2004; Yuen, 2005, 2006] .
DISCOVERY OF POSTPEROVSKITE PHASE TRANSITION
2.1. Synchrotron X-ray Diffraction Measurements 2.1.1. Experimental Techniques
[9] Phase transition of MgSiO 3 perovskite was discovered through a significant change in the XRD pattern ( Figure 1 ) . The angle-dispersive XRD measurement has been conducted in situ at high-P-T conditions in combination with LHDAC techniques at a synchrotron X-ray source. Such measurements are conducted currently at over 300 GPa at the beam line BL10XU of SPring-8. The pyrite-type cubic phase of SiO 2 was recently observed above 270 GPa and 1800 K [Kuwayama et al., 2005] .
[10] At BL10XU of SPring-8, high-brilliance synchrotron X-rays from an in-vacuum-type undulator are monochromatized to a wavelength about 0.413 Å . The X-ray beam is focused by a compound refractive lens and is then collimated to 20-mm size. The XRD patterns of the sample in a DAC are collected on an imaging plate (RIGAKU R-AXIS IV) or X-ray charge-coupled devices (CCD) detector (Bruker APEX). Typical collection times are 1 -5 min and 10-60 s, respectively. We often use amorphous gel starting material in order to prepare a chemically homogeneous sample and to avoid metastable transformation and kinetic hindering of phase transitions from the crystalline starting material [see Dubrovinsky et al., 2001; Murakami et al., 2003] . Moreover, the high-pressure phase is synthesized under nearly hydrostatic conditions when the amorphous starting material is used, because the deviatoric stress in the sample almost disappears because of a large decrease in the sample volume. The starting material is usually mixed with Pt or Au, which serves both as laser absorber and internal pressure standard. The sample mixture is loaded into a hole drilled in a Re gasket, together with insulation layers. It is compressed by diamond anvils with a culet size of 40-450 mm, depending on the maximum pressure of interest.
The diameter of the sample is typically 1/3 of the culet size. After the sample is squeezed at room temperature, it is heated with a focused multimode continuous wave Nd:YAG laser or TEM 01* -mode Nd:YLF laser at BL10XU of SPring-8. A larger area ($50 mm in diameter) is heated with the Nd:YAG laser, but higher output power is required, which endangers the diamonds. The Nd:YLF laser is focused to $20 mm. A double-side heating technique is applied, which minimizes axial temperature gradient in the sample [Shen et al., 1996] . The sample is sometimes heated for a long duration (sometimes more than 4 hours above 2000 K) to determine the stable phase relation near the phase transition boundary [e.g., Murakami et al., 2003] .
[11] Temperature is measured by a spectroradiometric method [Watanuki et al., 2001] . The temperature gradient in a laser-heated sample is relatively large; the uncertainty in temperature within the 20-mm area from which X-ray diffraction is collected is about ±10% [e.g., Kurashina et al., 2004] . Pressure is determined from the unit cell volume of the internal pressure standard that is mixed with a sample by applying its pressure-volume-temperature (P-V-T) equation of state. The apparent pressure error derived from uncertainties in both unit cell volume and temperature is typically less than several GPa at 120 GPa. However, the largest source of pressure uncertainty is represented by the P-V-T equation of state of the internal pressure standard, as discussed in section 3.1.
Discovery of MgSiO 3 Postperovskite
[12] Murakami et al. [2004] performed in situ XRD measurements of MgSiO 3 up to 134 GPa and 2600 K corresponding to the condition at the bottom of the mantle. In the first run, perovskite was synthesized from amorphous gel starting material by heating at 105 -114 GPa and 2250-2300 K (Figure 1a ). This sample was further compressed to 127 GPa at room temperature and reheated to 2500 -2600 K at 127-134 GPa. Thirteen new diffraction peaks appeared within 9 min, whereas peaks from perovskite became weak with time ( Figure 1b) . Two-dimensional diffraction images showed continuous Debye rings for these new peaks. Similarly, in the second set of experiments, perovskite was synthesized at 69 -73 GPa and was subsequently compressed to 122 GPa at room temperature. With heating to 2200 -2300 K at 128-129 GPa, the new peaks were again observed within 10 min. This sample was then decompressed to 97 GPa at room temperature. The new peaks were still recognized after decompression (Figure 1c ), although they broadened. After heating to 2000 -2200 K for 10 min at 89-101 GPa the new peaks disappeared com- pletely, and the diffraction pattern changed back to that consisting only of perovskite and platinum (Figure 1d ). These experiments indicate that observed change in the XRD pattern is reversible.
[13] These new peaks do not correspond to the possible dissociation products of MgO or high-pressure polymorphs of SiO 2 (Figure 1 ). It indicates that MgSiO 3 perovskite did not decompose but transformed to a new high-pressure form above 125 GPa and 2500 K (Figure 2 ). The 13 new diffraction peaks in Figure 1b can be best indexed by an orthorhombic cell with lattice parameters of a = 4.021 Å , b = 4.912 Å , and c = 6.093 Å . This unit cell cannot be reconciled with the perovskite-type structure. The unit cell volume is smaller by about 1% from that of perovskite if Z (number of molecules in the unit cell) is 4. The small volume change across the phase transition suggested that the coordination numbers of Si and Mg remain six and eight, respectively, the same as those in perovskite.
Determination of Crystal Structure
[14] Crystal structure of the new MgSiO 3 high-pressure polymorph (called postperovskite) was determined by MD simulations , based on the XRD data described in section 2.1.2 (Figure 1b) . Tsuchiya et al. [2004a] found identical structure independently, using the same XRD data. Oganov and Ono [2004] also obtained the same results using the analogous high-pressure phase transition of Fe 2 O 3 .
[15] Murakami et al.
[2004] applied a new MD calculation method of structural relaxation from random structures. The appropriate number of atoms (8 Mg + 8 Si + 24 O, Z = 8 for a double unit cell because of a small a parameter) were positioned randomly and detached from each other in a MD cell with the experimentally observed dimensions. The initial temperature of the system was set to 5000 K. It was decreased stepwise by 1 K (2 fs/step) to 0 K with structural relaxation at each step (Figure 3 ). At the end of the simulations the structure in which O atoms are regularly arranged and all Si and Mg ions have six or eight coordination. This procedure was repeated independently 10 times. Similar structures were found in 5 of 10 calculations. Some Figure 2 . Phase diagram of MgSiO 3 [after . Squares and circles indicate the stabilities of perovskite and postperovskite, respectively. A tentative phase transition boundary (dashed line) was drawn in order to explain the topography of D 00 discontinuity with this phase transition [Sidorin et al., 1999] . Si and Mg atoms were then artificially exchanged to have six and eight coordination, respectively. The structural relaxation was again performed on this arrangement. The structure obtained was stable for a reasonably long duration in the MD calculations at 130 GPa and 3000 K.
[16] The structure factors were calculated for this structure in P1 space group using all atoms in the MD cell in order to determine the unit cell and space group. The systematic extinction of structure factors F(hkl) in reciprocal space indicated that a and b parameters should be double and half of those originally estimated from the XRD pattern, respectively. Moreover, crystal structure was found to be C-face centered with a glide plane along the c axis perpendicular to the a axis. After exchanging a and b axes (with glide place along the c axis perpendicular to the b axis), only Cmc2 1 (number 36) or Cmcm (number 63) was the possible space group. Since the presence of center of symmetry was suggested from the observation of atomic arrangements, it was concluded that Cmcm is the plausible space group. The calculated XRD pattern is shown in Figure 1 . It reproduces not only the peak positions but also the intensities of all of the observed new peaks.
[17] The crystal structure of MgSiO 3 postperovskite is shown in Figure 4 . SiO 6 -octahedra share the edges to make an octahedral chain-like rutile-type structure. These chains run along the a axis and are interconnected with each other by apical oxygen atoms in the direction of the c axis to form edge-and apex-shared octahedral sheets. The octahedral sheets are stacked along the b axis with interlayer Mg 2+ ions. It is isostructural with UI 3 (octahedral site is vacant) [Levy et al., 1975] , UFeS 3 [Noel and Padiou, 1976] , AgTaS 3 [Kim et al., 1997] , ThMnSe 3 , UMnSe 3 [Ijjaali et al., 2004] , and CaIrO 3 [McDaniel and Schneider, 1972] . [Jamieson et al., 1982] are plotted in Figure 2 . The boundary was not tightly constrained, but the results are consistent with a hypothetical boundary proposed by Sidorin et al. [1999] [Holmes et al., 1989] . They are consistent with the earlier results by Murakami et al. [2004] [Hirose et al., 2006a] and the Pt scale Ono and Oganov, 2005] . The location and the Clapeyron slope are strongly dependent on the internal pressure standard used to calculate pressure from its pressure-volume-temperature equation of state.
POSTPEROVSKITE PHASE TRANSITION
2003]. On the other hand, if the pressures were determined from the MgO pressure marker [Speziale et al., 2001 ] mixed together with Au, the boundary was located at 119 GPa and 2400 K with a slope of +11.5 MPa K
À1
. These show that experimental determination of the pressure and Clapeyron slope of the boundary significantly depends on the choice of the pressure standard and its equation of state.
[20] Currently, there is an extensive debate on the accuracy of the P-V-T equation of state of the internal pressure standard used in the experiments [e.g., Irifune et al., 1998; Hirose et al., 2001; Fei et al., 2004] . In recent high-pressure experimental studies based on in situ XRD measurements, the largest source of pressure uncertainty derives from the choice of the pressure scale (pressure marker and its equation of state). Irifune et al. [1998] demonstrated that pressure of postspinel phase transition in Mg 2 SiO 4 is lower by more than 2 GPa than that corresponding to the depth of the 660-km seismic discontinuity, using Anderson's Au scale [Anderson et al., 1989] . In contrast, experiments performed by Fei et al. [2004] showed that the 660-km discontinuity is reconciled with the postspinel phase transition if Speziale's MgO pressure scale is applied. The choice of pressure scale is more critical at higher pressures, especially over 100 GPa. The simultaneous measurements of the volumes of Au and Pt, for example, showed that the Pt pressure scale predicts higher pressures than Au by about 15 GPa at 120 GPa even at room temperature [Akahama et al., 2002; Dewaele et al., 2004] . Hirose et al. [2006a] also performed the simultaneous measurements of the volumes of Au and MgO at high temperatures around 110 -120 GPa and showed that their equations of state predict significantly different thermal pressure. This led to a large difference in the estimation of the Clapeyron slope (+5 and +11.5 MPa K À1 for the postperovskite phase transition).
[21] Fei et al. [2004] argued that Speziale's MgO scale is practically most useful, since the equation of state of MgO has been extensively studied and is least controversial.
Moreover, the postspinel phase transformation boundary determined by Speziale's MgO scale matches the depth of the 660-km seismic discontinuity. Hirose et al. [2006a] also demonstrated that pressure of postperovskite phase transition (119 GPa at 2400 K) based on this MgO scale is consistent with the location of the D 00 seismic discontinuity around 2600-km depth [e.g., Wysession et al., 1998 ]. This may further support the reliability of Speziale's MgO scale.
Theoretical Calculations
[22] Recent theoretical calculations play important roles in determining the phase transition boundary even at high temperatures [Tsuchiya et al., 2004c; Oganov et al., 2005a] . The postperovskite phase transition boundary was determined by several different groups based on first-principles (ab initio) calculations. Iitaka et al. [2004] calculated the boundary based on the local density approximation (LDA) with the initial models of perovskite and postperovskite provided by Murakami et al. [2004] . The lattice constants and the positions of the atoms were optimized within the given symmetry to minimize the enthalpy. This procedure was repeated by changing the external pressure from 80 to 130 GPa in steps of 10 GPa. Results show that the postperovskite phase becomes stable relative to perovskite above 98 GPa at T = 0 K ( Figure 6 ). Tsuchiya et al. [2004b] and Oganov and Ono [2004] reported similar calculations on the postperovskite phase transition using both LDA and generalized gradient approximation (GGA). Both studies showed that the GGA calculations provided higher phase transition pressure by 10-15 GPa than the LDA, which is a large source of uncertainty in the first-principles calculations. In addition, even within the LDA calculations, Oganov and Ono [2004] showed considerably lower transition pressure by 15 GPa than the results of Iitaka et al. [2004] and Tsuchiya et al. [2004b] .
[23] The high-P-T phase diagram of MgSiO 3 was also investigated using ab initio simulations. Tsuchiya et al. [2004a] showed that the phase boundary is located at 117 or 127 GPa at 2500 K, based on the LDA or GGA calculations, respectively (Figure 7 ). The Clapeyron slope was determined to be +7.5 MPa K À1 within both the approximations. Similar calculations by Oganov and Ono [2004] suggested slightly larger Clapeyron slope of 9.6-9.9 MPa K À1 by the LDA and GGA. Both theoretical studies showed that the postperovskite phase transition has a significantly high positive Clapeyron slope. These results are summarized in Figure 7 , together with the experimental results based on the MgO pressure scale that could be the best estimates so far in the high-pressure experimental studies.
POSTPEROVSKITE PHASE TRANSITION IN NATURAL COMPOSITIONS

Pyrolitic Mantle Composition
[24] The postperovskite phase transition in a natural pyrolitic (peridotitic) mantle composition was investigated by Murakami et al. Figure 8 ). This transition pressure corresponds to about 119 GPa [Hirose et al., 2006a] , when it is recalculated by using Speziale's MgO scale, which is the most practical pressure scale at present . This pressure matches the depth of the D 00 seismic discontinuity around 2600-km depth. The 15 X-ray reflections were assigned to a CaIrO 3 -type postperovskite structure (Cmcm), the same as that observed in pure MgSiO 3 . Magnesiowüstite has a rock salt structure throughout the lower mantle conditions. No evidence for dissociation into Fe-rich and Mg-rich components was obtained contrary to the results of Dubrovinsky et al. [2000] . A distortion of cubic Ca-perovskite to tetragonal structure was observed after quenching to room temperature [Stixrude et al., 1996; Shim et al., 2002] . However, this tetragonal-cubic phase transition of Ca-perovskite is unlikely to occur in a peridotitic mantle composition at the temperatures of the mantle [Kurashina et al., 2004] .
[25] Ono and Oganov [2005] performed similar XRD experiments and observed postperovskite phase transition above 124 GPa and 2500 K based on Jamieson's Au pressure scale. This transition pressure is much higher than that reported earlier by Murakami et al. [2005] . The origin of this discrepancy is not clear, since Jamieson's Au scale predicts even lower pressure than Tsuchiya's Au scale. Murakami et al. [2005] heated an amorphous starting material at a single P-T condition of interest in order to avoid kinetic hindering of phase transitions. In contrast, Ono and Oganov [2005] repeated a number of heating cycles with changing P-T conditions and tried to see the growth/reduction of diffraction peaks of perovskite and postperovskite.
[26] Chemical compositions of coexisting phases in a pyrolite composition were determined up to lowermost mantle conditions [Murakami et al., 2005] . Similar results were reported by Kesson et al. [1998] . Kesson et al. did not observe postperovskite, because they examined the sample with a transmission electron microscope (TEM) after it was recovered at ambient condition. Note that postperovskite is unquenchable to ambient pressure. The mineral proportion can be estimated from the chemical composition of each constituent mineral and the bulk chemistry. The changes in mineral assemblage and proportion in the pyrolitic mantle (KLB-1 peridotite composition) are illustrated in Figure 9 . It consists of 78% MgSiO 3 -rich perovskite, 16% magnesiowüstite, and 6% CaSiO 3 perovskite in weight in the uppermost lower mantle [Hirose, 2002] . The mineral proportion changes little with pressure in the Mg-perovskite stability field. After the postperovskite phase transition the KLB-1 peridotite composition includes 72% postperovskite, 21% magnesiowüstite, and 7% CaSiO 3 perovskite in weight. [Hirose et al., 2006a] . GGA is generalized gradient approximation; LDA is local density approximation. [27] Partitioning of iron in the deep lower mantle has been controversial [e.g., Badro et al., 2003; Mao et al., 2004; Murakami et al., 2005; Kobayashi et al., 2005] . Murakami et al. [2005] measured the iron partitioning between Mg-perovskite, postperovskite, and magnesiowüs-tite in the KLB-1 peridotite composition using TEM. The Fe-Mg partition coefficients exhibit uniform values with increasing pressure from 38 to 92 GPa (Figure 10 ). This is quite consistent with the previous study using the analytical TEM [Kesson et al., 1998 ] but contradicts the results based on the unit cell volume measurements with X rays [Andrault, 2001] . Moreover, Murakami et al. [2005] demonstrated that distribution of iron significantly changes in the lowermost mantle conditions, and iron partitions predominantly into magnesiowüstite. This could be due to a high-spin to low-spin transition of iron in magnesiowüstite [Badro et al., 2003; Lin et al., 2005; Sturhahn et al., 2005] . Contrary to the results of Murakami et al. [2005] , Kobayashi et al. [2005] demonstrated that iron content in magnesiowüstite decreases at the perovskite to postperovskite phase transformation in Al-free (Mg,Fe) 2 SiO 4 bulk composition. It is uncertain whether such discrepancy is due to the difficulties in TEM analyses or the difference in bulk chemical compositions. The valence state and spin state of iron in perovskite and postperovskite phases need to be examined in order to understand the partitioning of iron. The spin transition of iron in (Mg,Fe)SiO 3 perovskite has been also observed experimentally [Badro et al., 2004; Jackson et al., 2005] .
[28] A strong partitioning of iron into magnesiowüstite, if true, can cause unique geophysical and geochemical properties in D 00 . The iron content strongly affects the viscosity [Durham et al., 1979] , electrical conductivity [Li and Jeanloz, 1991; Peyronneau and Poirier, 1989] , radiative heat transfer [Hofmeister, 2005] , and melting reactions. The electrical conductivity of the lowermost mantle may be lower than that of overlying mantle because of a depletion in iron in postperovskite.
MORB Composition
[29] The postperovskite phase transition also occurs in a MORB composition Hirose et al., 2005a] . The MORB composition consists of MgSiO 3 -rich perovskite, SiO 2 stishovite, CaSiO 3 perovskite, CaFe 2 O 4 (Ca-ferrite)-type Al phase, and new Al phase in the upper part of the lower mantle below 720-km depth [Kesson et al., 1994; Hirose et al., 1999; Miyajima et al., 2001] . Mgperovskite in the MORB composition contains much more Al and Fe (16 wt % Al 2 O 3 and 23 wt % FeO* (total Fe as FeO) at 27 GPa) than that formed in a peridotite mantle composition [Hirose and Fei, 2002] . In situ XRD measurements by Hirose et al. [2005a] showed that Mg-perovskite, the most abundant mineral in MORB, transforms to postperovskite above 110 GPa and 2500 K calculated by Tsuchiya's Au scale (Figure 11 ). This pressure corresponds to about 116 GPa based on Speziale's MgO scale.
[30] In addition, SiO 2 phase transforms from stishovite (rutile type) to CaCl 2 -type phase above 62 GPa and 2000 K and transforms further to -PbO 2 -type structure at pressure similar to that of postperovskite phase transition. Ca-perovskite contains higher amounts of Al 2 O 3 content that increases the temperature of tetragonal to cubic phase transformation [Shim et al., 2002; Kurashina et al., 2004] . This phase transition therefore could occur in a subducted MORB crust included in cold subducting slabs. The stishovite to CaCl 2 -type SiO 2 phase transition is known to exhibit ferroelastic-type behavior that causes significant reduction of seismic wave velocities, especially for the S wave [e.g., Carpenter et al., 2000] . Moreover, the tetragonal to cubic phase transition in Ca-perovskite is also likely to be ferroelastic . Hirose et al. argued that both the phase transformations in subducted MORB crust are therefore likely to be the source of seismic heterogeneity observed in the middle part of the lower mantle around 1500-km depth [e.g., Kaneshima and Helffrich, 1999] . Note that these phase transitions do not occur in a peridotitic mantle composition.
[31] Chemical compositions of the coexisting phases in MORB were also determined by the TEM analyses on recovered samples (Figure 12 ) [Kesson et al., 1994; Hirose et al., 2005a] . Postperovskite is similar in composition to perovskite except for a considerably higher Na 2 O content. The mass balance calculations showed that the subducted MORB crust consists of 38% postperovskite, 23% cubic Ca-perovskite, 23% -PbO 2 -type SiO 2 , and 16% CaFe 2 O 4 -type Al phase in weight in the lowermost mantle. The changes in mineral assemblage and proportion are summarized in Figure 13 .
[32] The density of MORB crust was calculated using the volume data, combining with measured chemical compositions and calculated mineral proportions (Figure 14 ) [Hirose et al., 2005a; . The subducting MORB crust becomes buoyant near the 660-km boundary, but it is denser than the average lower mantle at all depths greater than $720 km, contrary to some earlier predictions by Kesson et al. [1998] and Ono et al. [2001] . The density of basaltic crust increases by about 1% because of the phase transitions of Mg-perovskite and silica phase. Subducted basaltic crust is denser than the preliminary reference Earth model density by several percent at the base of the mantle.
Compositional Effects on Postperovskite Phase Transition
[33] The first publication on postperovskite phase transition by Murakami et al. [2004] showed that it occurs approximately at 125 GPa and 2500 K in pure MgSiO 3 . The compositional effects on pressure and sharpness of the [34] Both experimental and theoretical studies have shown that the addition of Al destabilizes the postperovskite relative to perovskite. On the other hand, the effect of iron on postperovskite phase transition has been controversial. Most of these experimental studies on Fe-bearing samples, (Mg,Fe)SiO 3 , (Mg,Fe) 2 SiO 4 , natural peridotite, and MORB compositions, demonstrated that the postperovskite phase transition boundaries are located at about 110 GPa, which is much lower than the 125 GPa determined in pure MgSiO 3 . This has lead to the conclusion that iron considerably decreases the pressure of postperovskite phase transition . However, it could be due to the difference in pressure scales used in these experiments as discussed in section 3.1. Note that phase transition pressure in MgSiO 3 was determined by using the Pt pressure standard, whereas NaCl or Au were used as pressure markers in these experiments on Fe-bearing systems because Pt reacts chemically with FeO in these Fe-bearing samples and forms a Pt-Fe alloy. Recently, Hirose et al. [2006a] reexamined the postperovskite phase transition in MgSiO 3 based on the Au pressure scale. The results show that it occurs around 110 GPa similar to the transition pressures in (Mg,Fe)SiO 3 Shieh et al., 2006] and (Mg,Fe) 2 SiO 4 (Figure 15 ), suggesting that the effect of iron is small.
[35] In addition, on the basis of the TEM analyses, Murakami et al. [2005] demonstrated that iron partitions more into perovskite than postperovskite, suggesting that it stabilizes perovskite at higher pressures. Kobayashi et al. [2005] , however, showed opposite results on iron partitioning. Theory also suggested that FeSiO 3 postperovskite is more stable than MgSiO 3 postperovskite at all pressures in the Earth's mantle [e.g., Caracas and Cohen, 2005] . However, theoretical calculations on the stability of Fe-bearing silicates are still challenging [e.g., Cococcioni and Gironcoli, 2005] .
[36] Hirose et al. [2006a] demonstrated that postperovskite phase transition occurs in natural pyrolitic mantle (KLB-1 peridotite) and MORB compositions at pressures similar to that in MgSiO 3 , using the identical Au pressure scale (Figure 15) . This indicates that possible compositional variations in the lowermost mantle caused by deep subduction of MORB crust have little effect on the pressure of postperovskite phase transition. It changes by less than 5 GPa, which corresponds to about 100-km depth.
IMPLICATIONS FOR SEISMIC ANOMALIES IN THE LOWERMOST MANTLE
[37] A number of large seismic anomalies, such as the D 00 discontinuity, S wave polarization anisotropy, anticorrelation between the anomalies in S wave and bulk sound velocities, and ultralow velocity zones, are observed in the D 00 layer. Since they are not reconciled with the known properties of MgSiO 3 perovskite, the D 00 region has long Figure 13 . Change in mineral abundance in wt % in MORB composition. Abbreviations are similar to those in Figure 9 . St is stishovite. Dashed line indicates a tetragonal to cubic phase transition boundary in Ca-perovskite that could occur in cold subducting slabs. [Dziewonski and Anderson, 1981] . The subducted MORB crust is denser than the average lower mantle below 720-km depth through the bottom of the mantle.
RG3001
Hirose: POSTPEROVSKITE PHASE TRANSITION been considered the least understood region of the Earth's interior. However, many of the anomalies observed in the lowermost mantle may be explained by the postperovskite phase .
[38] The elasticity of MgSiO 3 postperovskite has been estimated by first-principles calculations at T = 0 K by several different groups (Figure 16 ). Their results are quite consistent with each other [Iitaka et al., 2004; Tsuchiya et al., 2004b; Oganov and Ono, 2004] . The high-temperature elastic constants were also calculated by Stackhouse et al. [2005] , Wookey et al. [2005] , and Wentzcovitch et al. [2006] . The bulk modulus of postperovskite was determined experimentally, which is consistent with the theoretical calculations [Shieh et al., 2006; Ono et al., 2006] .
D 00 Discontinuity
[39] The D 00 seismic discontinuity is observed at the top of the D 00 layer, which is located around 2600-to 2700-km depth (119-125 GPa) several hundreds kilometers above the CMB [e.g., Lay and Helmberger, 1983; Wysession et al., 1998] . A seismic velocity increase at the D 00 discontinuity is typically 2.5-3.0% for both S and P waves, although the discontinuity is not observed in many localities especially for P waves. Such velocity increase has been interpreted as the effect of thermal or chemical anomalies. However, it is likely reconciled with the MgSiO 3 postperovskite phase transition that occurs at the depths of the D 00 discontinuity (Figure 2) .
[40] The elasticity of perovskite and postperovskite calculated by Iitaka et al. [2004] at T = 0 K demonstrated that velocity variation at the phase transition is +1.0% for S waves and À0.1% for P waves, assuming that both perovskite and postperovskite are isotropic aggregates. Similar results were obtained by Tsuchiya et al. [2004b] and Oganov and Ono [2004] . The high-temperature calculations by Stackhouse et al. [2005] showed that a larger velocity increase is expected for S waves at higher temperatures, whereas temperature has little effect on the P wave discontinuity. These results are generally consistent with the observations that the discontinuity in the S wave speed is much more easily detected than the P wave discontinuity [Wysession et al., 1998 ]. However, the magnitude of the observed velocity increase is much greater than the mineral physics predictions, especially for P waves [e.g., Wentzcovitch et al., 2006] . Murakami et al. [2005] discussed that observed large seismic velocity jump might be caused by a strong preferred orientation of postperovskite.
[41] Both theory and experiments have shown that postperovskite phase transition boundary has high positive Clapeyron slope [e.g., Tsuchiya et al., 2004a; Hirose et al., 2006a] . This is generally consistent with the variations in the elevation of the D 00 discontinuity, high temperature reducing its height and low temperature increasing its height. An elevated D 00 discontinuity correlates with the fast velocity anomaly caused by cold slab subduction. In addition, the roots of large plume upwellings are associated with a depressed or absent D 00 discontinuity [e.g., .
Polarization Anisotropy
[42] A significant polarization anisotropy is observed within the D 00 layer, especially under the circum-Pacific regions, where the horizontally polarized S wave velocity (V SH ) is faster by 1-3% than the vertically polarized S wave velocity (V SV ) [e.g., Lay et al., 1998a; Panning and Romanowicz, 2004] . Such polarization anisotropy is present only below the D 00 discontinuity. This suggests that the origin of S wave anisotropy is related to the postperovskite phase. [Hirose et al., 2006a] , pyrolitic mantle (KLB-1 peridotite) [Murakami et al., 2005] , and MORB compositions [Hirose et al., 2005a] . Pressures were calculated by Tsuchiya's [2003] Au scale for all the data. All of these data are consistent with the phase transition boundary in MgSiO 3 shown by the solid line, suggesting that compositional effect on the postperovskite phase transition is not significant. Figure 16 . Variation of P and S wave velocities of MgSiO 3 postperovskite at 100 GPa and 0 K as a function of propagation direction [after Iitaka et al., 2004] . Postperovskite is elastically more anisotropic than perovskite phase.
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[43] Since the D 00 region is part of a convection boundary layer near the bottom of the mantle, a strong horizontal shear flow is expected, which could generate a strong preferred orientation of the lowermost mantle minerals. The lattice-preferred orientation (LPO) depends on the deformation mechanisms, particularly the slip systems. The slip mechanism of MgSiO 3 perovskite has been examined experimentally at uppermost mantle conditions [Cordier et al., 2004] . If it does not change with pressure and temperature up to the conditions relevant to the CMB region, perovskite forms a transversely isotropic aggregate with the c axis as the vertical symmetry axis under the horizontal shear flow. In this case, preferred orientation of perovskite causes polarization anisotropy with V SV > V SH , which is opposite to the observations [Wentzcovitch et al., 1998; Stackhouse et al., 2005] .
[44] Theory has shown that postperovskite has larger single-crystal elastic anisotropy than perovskite (Figure 16 ) [e.g., Tsuchiya et al., 2004b; Iitaka et al., 2004] . On the basis of structural considerations it was once suggested that the layering plane (010) is a dominant slip plane Iitaka et al., 2004; Oganov and Ono, 2004] . Miyajima et al. [2005] also suggested this slip mechanism based on TEM observations on CaIrO 3 postperovskite phase. These indicate that a lattice plane (010) becomes aligned parallel to the horizontal shear flow in the D 00 region. In this case, horizontally polarized S waves propagate faster by 3 -4% than vertically polarized ones (V SH /V SV % 1.04) at T = 0 K. This is consistent with the observations, although it requires a high degree of preferred orientation of postperovskite. It is noted, however, that temperature has a large effect on the seismic anisotropy of postperovskite Wentzcovitch et al., 2006] . Stackhouse et al. [2005] demonstrated that the calculated seismic anisotropy is consistent with the observations at 2500 K but that the anisotropy almost disappears above 3500 K.
[45] However, the slip mechanism of postperovskite is currently controversial. Recent theoretical prediction by Oganov et al. [2005b] showed a (110) slip plane of MgSiO 3 postperovskite. This slip mechanism requires a smaller degree of preferred orientation in order to explain the seismological observations. The plastic deformation experiments on analogue material by Merkel et al. [2006] demonstrated that deformation of postperovskite occurs predominantly by the slip on (100) or (110). Merkel et al. suggested that a maximum contribution of postperovskite to S wave anisotropy is 4% with an oblique polarization.
Anticorrelation Between S Wave and Bulk Sound Velocities
[46] The large-scale seismic velocity models show an anticorrelation between the anomalies in S wave and bulk sound velocities in the deep lower mantle [e.g., Su and Dziewonski, 1997] . Masters et al. [2000] demonstrated that such anticorrelation is present only in the lowermost part of the mantle. Since this is not caused by thermal anomalies alone, it has been argued that this is a strong evidence for a large-scale chemical heterogeneity. Karato and Karki [2001] claimed that significant chemical heterogeneities in both Fe and Ca contents in the lowermost mantle are responsible.
[47] Such anticorrelation, however, can be also reconciled with the perovskite to postperovskite phase transition [e.g., Iitaka et al., 2004; Oganov and Ono, 2004; Wentzcovitch et al., 2006] . Postperovskite phase transition has a high positive Clapeyron slope. The depth of phase transition should therefore be variable depending on temperature; it occurs at greater depth at higher temperature. Indeed, the thickness of the D 00 layer changes significantly. Moreover, the back transformation from postperovskite to perovskite may occur within the D 00 layer, depending on the thermal structure of D 00 (double-crossing hypothesis) [Hernlund et al., 2005] . These features suggest that a dominant mineral changes laterally in the bottom several hundred kilometers of the mantle. Theoretical calculations show that S wave velocity is faster and that bulk sound velocity is slower in postperovskite than in perovskite at equivalent pressure [e.g., Wentzcovitch et al., 2006] . The negative correlation between S wave and bulk sound velocities can thus be attributed to the mineralogy change between perovskite and postperovskite at equivalent depths.
DYNAMICAL CONSEQUENCES OF POSTPEROVSKITE PHASE CHANGE
[48] Since the postperovskite phase transition occurs near the bottom thermal boundary layer, it may affect the style of mantle convection. Tsuchiya et al. [2004a] first calculated the phase transition boundary at high temperatures, showing the Clapeyron slope of +7.5 MPa K À1 . Similar but slightly larger (about +10 MPa K
À1
) slope was predicted by Oganov and Ono [2004] . High-pressure experimental studies using LHDAC techniques also demonstrated high positive values of the Clapeyron slope, although the results are strongly dependent on the pressure standard: +7 MPa K À1 based on the Pt pressure scale and +5 and +11 MPa K À1 according to Au and MgO pressure scales, respectively [Hirose et al., 2006a] . The Clapeyron slope of the postperovskite phase transition in CaIrO 3 was also determined much more precisely to be +17 MPa K À1 using a piston-cylinder apparatus [Hirose and Fujita, 2005] . Compared to the spinel to perovskite plus periclase (postspinel) transition at 660-km depth, the Clapeyron slope of the postperovskite phase transition is larger by a factor of 3 -4. When a smaller density contrast at the postperovskite phase transition is considered, both the phase transitions may have similar effects on mantle convection, although the sign is opposite.
[49] Numerical simulations suggested that such an extremely large exothermic reaction near the CMB destabilizes the thermal boundary layer and promotes the formation of plumes [Nakagawa and Tackley, 2004] . Nakagawa and Tackley showed that temperature would increase by several hundred degrees in the whole mantle by the effect of the postperovskite phase transition with a Clapeyron slope of +8 MPa K
. This phase change, however, might cause
RG3001
Hirose: POSTPEROVSKITE PHASE TRANSITION extensive upwelling of weak (small) plumes from the CMB region [Nakagawa and Tackley, 2004; Yuen, 2005, 2006] . This is not consistent with the seismic observations that a couple of large-scale upwellings beneath central Pacific and Africa dominate in the lower mantle [e.g., Fukao et al., 1992; Zhao, 2001] . Yuen [2005, 2006] suggested that the radiative heat transfer is very important to stabilize the thermal boundary layer [Badro et al., 2004] and to form a limited number of large upwellings (superplumes). On the other hand, recent highresolution tomographic studies show that ''superplume'' is indeed a cluster of small plumes [Schubert et al., 2004] .
CURRENT PICTURE OF D 00 REGION AND FUTURE PERSPECTIVES
[50] It has long been thought that the D 00 layer is a mysterious hidden layer. The discovery of MgSiO 3 postperovskite phase transition at high-P-T conditions near the CMB suggests that postperovskite is a predominant mineral below the D 00 seismic discontinuity. Many of the large seismic anomalies in D 00 may be reconciled with this newly discovered postperovskite as shown in section 5. However, simply by its very location, the D 00 layer is a thermal, chemical, and mechanical boundary between liquid outer core and rocky mantle, and there should be very complex thermal and chemical structures (Figure 17) . A steep temperature gradient in D 00 may be similar to or even greater than those in the lithosphere. Chemical heterogeneity is also a natural consequence, which can be caused by deep subduction of basaltic crust, partial melting, and coremantle chemical reaction.
Thermal Structure in D
00
[51] Temperature variations at the top of the D 00 layer may be estimated from its height and the Clapeyron slope of the postperovskite phase transition. The location of the D 00 seismic discontinuity varies from 2550-to 2750-km depth [Wysession et al., 1998 ]. Such a depth variation corresponds to the variation in temperature by 1000 -1500 K if the Clapeyron slope is +7.5-11.5 MPa K À1 .
[52] Several seismological studies have suggested the presence of double seismic discontinuities between 100-and 300-km depth within the D 00 layer beneath Eurasia and Caribbean regions [Thomas et al., 2004a [Thomas et al., , 2004b . The shallower discontinuity is caused by an increase in the S wave velocity, whereas the deeper one is due to a negative velocity jump. These observations suggest that perovskite transforms to postperovskite at the top of D 00 and that postperovskite transforms back to perovskite at a deeper level. This is called a ''double-crossing'' model [Hernlund et al., 2005] (Figure 18 ). The double-crossing can be induced by a strong temperature gradient in the bottom thermal boundary layer. If this model is correct [Flores and Lay, 2005] , it is possible to constrain the heat flow and thermal structure within the D 00 layer. Hernlund et al. [2005] estimated the minimum heat flow out of the core to be 60-80 mW m
À2
, based on the Clapeyron slope of +7-10 MPa K À1 and the thermal conductivity of 10 W m À1 K
À1
. It corresponds to a global heat flux of 9 -13 TW across the CMB, which is sufficient to power the geodynamo in the outer core [Buffett, 2002] . Moreover, the Figure 17 . Current picture of D 00 . The D 00 seismic discontinuity is caused by the perovskite to postperovskite phase transition. Postperovskite transforms back to perovskite in the bottom thermal boundary layer (see Figure 18 ). The ultralow seismic velocity zone (ULVZ) likely represents the dense partially molten silicates. A chemically distinct layer is formed as a result of partial melting of the mantle or subducted MORB crust. Plumes originate from high-temperature regions, where postperovskite is absent, and contain melting products and ancient MORB fragments. . The CMB temperature may be higher than a silicate solidus, perhaps higher than a solidus temperature of MORB composition [Hirose et al., 1999] . The geotherm (dashed line) intersects a postperovskite phase transition boundary twice in D 00 but not in hot regions, where postperovskite is not formed (see Figure 17 ). Reprinted by permission from Macmillan Publishers Ltd: Nature [Hernlund et al., 2005] , copyright 2005.
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Hirose: POSTPEROVSKITE PHASE TRANSITION thermal structure can be estimated from the idea that the mantle geotherm intersects a postperovskite phase transition boundary twice in D 00 . In regions where the double seismic discontinuities are observed, MgSiO 3 perovskite should be stable at the base of the mantle. Experiments based on the most practical MgO pressure scale suggest a transition temperature of 3800 K at the base of the mantle (Figure 18 ). The average of the LDA and GGA calculations by Tsuchiya et al. [2004a] shows 4200 K. The temperature at the CMB therefore should be higher than 3800 -4200 K. This is consistent with the previous estimation of about 4000 K, based on the melting temperature of iron at the inner core boundary [Boehler, 1996] . Moreover, this temperature is high enough for silicate mantle and subducted MORB crust to melt near the CMB [Zerr et al., 1998; Hirose et al., 1999] (Figure 18 ), which is suggested by a number of seismological observations of ULVZ [e.g., Garnero et al., 1998; Lay et al., 1998b] .
Chemical Heterogeneity in D
00
[53] A number of seismological observations in D 00 still require chemical heterogeneity even if postperovskite phase transition is taken into account. Wen [2001] found anomalously slow S wave velocities with sharp vertical edges at the borders of African plume. The observed slow anomalies are too large to be reconciled with a thermal effect alone, suggesting that the plume is chemically distinct. To et al. [2005] found similar anomalies at the margins of Pacific superplume and suggested a chemical heterogeneity.
[54] Ishii and Tromp [1999] found an anticorrelation between the anomalies of density and S wave velocity in the lowermost mantle from the analysis of free oscillations. This must be due to a chemical heterogeneity. However, Romanowicz [2001] suggested that the resolving power of free oscillations is weak and ambiguous in the lowermost mantle, and therefore dlnV s /dln cannot be well constrained.
[55] The origin of the ULVZ has been a subject of debate. It was originally suggested that the ULVZ is caused by partial melting of silicate mantle near the CMB (see reviews by Garnero et al. [1998] and Lay et al. [1998b] ). On the other hand, it may be due to the subducted banded-iron formations [Dobson and Brodholt, 2005] or iron-rich postperovskite . If the ULVZ indeed represents partially molten silicates, melting should have caused strong chemical differentiation near the base of the mantle. Hirose et al. [2004] argued that a former MORB crust should melt prior to peridotitic mantle because of the lower melting temperature. Jellinek and Manga [2004] suggested that deep mantle plumes contain chemically distinct low-viscosity material from the ULVZ.
[56] The deep subduction of former MORB crust gives rise to a strong chemical heterogeneity in the mantle. The subducted basaltic crust is denser than the average mantle at any depths except between 660 and 720 km (Figure 14 ) [Hirose et al., 2005a] . The density contrast is 2 -3% at the base of the mantle. Geodynamical simulations have demonstrated that such density contrast induces a segregation of dense MORB crust from the slab at the base of the mantle [e.g., Christensen and Hofmann, 1994; Nakagawa and Tackley, 2005] . The subducted MORB crust therefore may have accumulated in the lowermost mantle and may form a chemically dense layer.
[57] Chemical reaction between the mantle and the liquid outer core may also contribute to the chemical heterogeneities in D 00 . If the bottom of the mantle is partially molten, such chemical reaction should occur very effectively. Recent experiments by Takafuji et al. [2005] suggested that the reaction causes a significant depletion of iron in the mantle. Knittle and Jeanloz [1991] demonstrated that SiO 2 , FeO, and FeSi phases could be formed as reaction products at the boundary.
Unsolved Problems
[58] Many characteristics of the D 00 layer may be attributed to recently discovered MgSiO 3 postperovskite. However, some features remain unexplained [Hirose et al., 2006b ]. High-pressure experimental studies have shown that a phase transformation from perovskite to postperovskite occurs at 2600-to 2700-km depths that matches the location of the D 00 seismic discontinuity. However, the determination of phase transition pressure strongly depends on the accuracy of the P-V-T equation of state of internal pressure standard used to calculate pressure (see section 3.1). The postperovskite phase transition boundary has been determined so far by using Au, MgO, and Pt pressure standards, in which the transition pressure differs by as much as 15 GPa Ono and Oganov, 2005; Hirose et al., 2006a] . A pressure scale reliable at such high-P-T conditions needs to be established.
[59] The seismically inferred velocity increase at the D 00 discontinuity is too large in comparison to the mineral physics predictions of velocity jump at the postperovskite phase transition [e.g., Wookey et al., 2005; Wentzcovitch et al., 2006] (see section 5.1). It is still uncertain whether the observed large-velocity jump is a result of anisotropy, focusing by topography enhanced by lateral temperature variations, or the effect of chemical heterogeneities [Hirose et al., 2006b ].
[60] Seismology has shown that the width of the D 00 discontinuity is <30 to 75 km [Young and Lay, 1987; Wysession et al., 1998 ], which corresponds to a pressure interval of 3 -4 GPa. Both experiments and theory showed that MgSiO 3 -rich perovskite and postperovskite coexist over a much wider pressure interval in the presence of FeO or Al 2 O 3 Akber-Knutson et al., 2005] . The sharpness of the phase transition in the multicomponent natural systems needs to be determined [Murakami et al., 2005; Ono and Oganov, 2005; Hirose et al., 2005a] . The sharpness of the discontinuity may require a chemical boundary. Since the degree and the nature of chemical heterogeneity in the mantle are key to understanding the chemical evolution of the Earth, it is critical to distinguish chemical and phase transition origins of heterogeneities.
[61] The determination of the nature of LPO and resultant seismic anisotropy is very important to understand the flow pattern of materials in the D 00 layer. The LPO depends on the deformation mechanisms, particularly the slip systems, but a prediction of the slip system of postperovskite is not straightforward (see section 5.2). Since it has rather unusual elastic properties such as the large elastic constant for shear along (010) layering plane, the slip mechanism of postperovskite is currently controversial. Wentzcovitch et al. [2006] suggested that postperovskite is not a main source of seismic anisotropy in D 00 . Yamazaki and Karato [2002] previously suggested that magnesiowüstite is a strongly elastically anisotropic mineral and that the seismic anisotropy is caused by the preferred orientation of magnesiowüstite. However, magnesiowüstite is a proportionally minor phase (less than 20 vol %) in the mantle.
[62] The accumulation of ancient MORB crust is one of the possible sources of chemical heterogeneity in D 00 (sections 4.2 and 7.2). However, the seismic evidence for a basaltic crust in the lowermost mantle has never been reported yet. We need to know the difference in elastic properties between peridotitic mantle and basaltic compositions. In addition, postperovskite phase transition occurs in a MORB composition at slightly lower pressures than in a peridotitic mantle composition. The D 00 discontinuity has been imaged as a step occurring over lateral dimensions less than 50 km beneath the Caribbean region [Hutko et al., 2006; Sun et al., 2006] . Hutko et al. [2006] and Sun et al. [2006] proposed a complex thermal structure formed by deep slab penetration. However, it might be due to the ancient MORB fragments, in which postperovskite phase transition occurs at shallower depths.
[63] Partial melting is also an important cause of chemically distinct layers near the CMB. However, the chemical consequences of such melting process are not known yet. Very little has been reported on the partial melt composition above 50 GPa [Knittle, 1998] . Part of the geochemical variations found in plume-related magmas could be formed by melting at the CMB [e.g., Jellinek and Manga, 2004; Hirose et al., 2004] . We need to obtain more data on element partitioning in the deep mantle. [65] The Editor responsible for this paper was Michael Manga.
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